Cluster measurements at the bow shock, the magnetosheath, and the magnetospheric boundary layer are used to derive ion-pressure equations for hot anisotropic plasmas. It is demonstrated that both perpendicular and parallel ion pressures are well approximated by polybaric expressions / N B , where N is the plasma density, B is the magnetic field, is in the range 0.5 to 2, and is between ÿ2 and 0. The parameters derived from observations are distinctively different from those predicted by double-adiabatic theory and are shown to hold for pressure variations over 4 orders of magnitude and for a range of plasma beta (ratio of kinetic/magnetic pressures) between 10 ÿ4 and 10. The equation of state that relates pressure with other fluid-type parameters is essential for a magnetohydrodynamic (MHD) description of plasmas. As the fluid equations are widely used to model plasma phenomena in astrophysics, solar, interplanetary, and magnetospheric physics, a correct type of the pressure equation is important for the validity of results. A model overwhelmingly popular in theories and computer simulations is that of isotropic scalar pressure, which depends on plasma density N as p / N , where is the polytropic exponent, with values 1 for isothermal and 5=3 for adiabatic processes. Acceleration processes in collisionless magnetized plasmas usually produce anisotropic particle distributions that may be preserved in the absence of collisions. Anisotropic pressure distributions produce kinetic, as well as macroscopic fluid instabilities, and therefore it is important to use a correct model for pressure anisotropy.
The equation of state that relates pressure with other fluid-type parameters is essential for a magnetohydrodynamic (MHD) description of plasmas. As the fluid equations are widely used to model plasma phenomena in astrophysics, solar, interplanetary, and magnetospheric physics, a correct type of the pressure equation is important for the validity of results. A model overwhelmingly popular in theories and computer simulations is that of isotropic scalar pressure, which depends on plasma density N as p / N , where is the polytropic exponent, with values 1 for isothermal and 5=3 for adiabatic processes. Acceleration processes in collisionless magnetized plasmas usually produce anisotropic particle distributions that may be preserved in the absence of collisions. Anisotropic pressure distributions produce kinetic, as well as macroscopic fluid instabilities, and therefore it is important to use a correct model for pressure anisotropy.
For a collisionless and magnetized plasma, Chew, Goldberger, and Low (CGL) [1] derived two separate equations for pressure components perpendicular and parallel to the magnetic field B p ? / NB;
(1)
The above equations are related to adiabatic invariants of motion and are known as the double-adiabatic or CGL model. There have been reservations about the CGL equations because of discrepancies between predictions of kinetic and CGL theories [2] , and some modifications of these equations, consisting essentially of the use of different polytropic exponents for perpendicular and parallel pressures, have been proposed [3, 4] . However, the absence of comparisons between theory and experiments has been the main reason that the double-adiabatic equations and their double-polytropic modifications have been used reluctantly in the literature.
In recent years, several authors [5] [6] [7] have advocated the use of mixed models: CGL combined with some kinetic effects, for example, Landau damping. However, a major problem with mixed models is that kinetic effects must be derived separately for every particular application, and the results do not have versatility and simplicity of polytropic equations. In addition, comparisons between experiments and predictions of modified (mixed) theories that would demonstrate their superiority are still missing.
Recent results related to nonlinear waves observed by Cluster [8] [9] [10] show that fluid equations with a polytropic type of pressure equations describe solitons, cnoidal waves, mirror modes, and other large amplitude nonlinear structures in good quantitative agreement with measurements. These new nonlinear results, where the functional form of pressure and its anisotropy are critically important, actualize the problem of the pressure equations in fluid models. The purpose of this Letter is to use Cluster measurements to derive empirical equations for ion pressure in hot anisotropic plasmas. The investigated model has the form
where a p is the pressure anisotropy parameter and the subscript ''0'' denotes background quantities. This model is referred to as ''polybaric'' and represents a generalization of CGL equations with four free parameters, without any assumption on adiabaticity. This type of pressure model has recently been used in a general theory of nonlinear waves in hot anisotropic plasmas [10] . The question is whether such a model is supported by measurements in space and what are the values and meanings of parameters , , a , a . Measurements used in this study come from the Cluster mission to the Earth's magnetosphere [11] . The elliptic
The American Physical Society orbit of the four Cluster spacecrafts with apogee of 19R E and perigee of 4R E is well suited to study both the magnetotail phenomena and the transition regions on the day side: from the undisturbed solar wind, through the bow shock, the magnetosheath, and the magnetopause layer to the inner magnetosphere. The instrument most relevant to this study is the Cluster ion spectrometry (CIS), which measures distribution functions of several ion species in the energy range 0 -40 keV [12] . The measured quantity is the flux of ions JE; ; m i at energy E, pitch angle , and mass m i . The flux is converted to the distribution function, which is constructed in the whole range of energies and pitch angles during a four second spin period of the satellite. The first three moments of the distribution function determined directly with the Cluster data are the density N, the bulk velocity V, and the thermal energy density or pressure components p ? , p k , computed without any assumption of the form of the distribution. The bow shock and the magnetosheath regions are ideally suited for the study of the pressure equations because the energies of solar wind protons are well within the energy range of the instrument. There are significant energy transformations between the fields and particles in this region: both from streaming particles to compressed magnetic field, and back from the magnetic field to heating and the acceleration of particles. Furthermore, the fast solar wind flowing over the slowly moving spacecraft ensures that measured ions are on the flow streamlines. In these regions plasma is generally warm or hot with a significant pressure anisotropy. Figure 1 shows plasma and fields measured by Cluster during the bow shock crossing on 5 January 2004. Figure 1(a) shows the proton density, 1(b) the total magnetic field, and 1(c) the V x (sunward) component of the bulk proton flow in GSE (geocentric solar ecliptic) coordinates. As can be seen, the spacecraft encountered first undisturbed solar wind with low density protons streaming earthward with a speed of 600 km=s, followed by a series of bow shock crossings, before it entered the magnetosheath at 22:50UT. Multiple shock crossings are caused by the variations of the stand-off distance of the shock, which sweeps back and forth over the satellite. It is seen that, behind the shock, the solar wind speed is reduced from 600 to 150 km=s and the plasma and magnetic field are strongly compressed. Measurements of the proton density and of the magnetic field are used to fit the measured perpendicular and parallel pressures according to the polybaric Eq. (3). The result plotted in Fig. 2 shows a remarkably good agreement between the model and the observations. The model parameters are very close to those of the scalar adiabatic theory with 5=3 and 0. The anisotropy parameters are a ÿ0:21 and a ÿ0:16. Another case (Fig. 3) is taken from the dawn flank of the low-latitude boundary layer. The satellite moved from the magnetosheath into the magnetosphere along the boundary layer, and had position ÿ2; ÿ16; 4 at 13:00UT and ÿ4; ÿ18; 0 at 20:00UT. During this seven hours interval the satellite measured plasma pressure variations over 4 orders of magnitude, and plasma beta in the range from 10 ÿ4 to 10. Despite these large variations of plasma parameters, the polybaric fit shown in Fig. 4(a) is rather good. Only two parameters ( 1:02, ÿ1:77) approximate the measured pressure with a standard deviation of 0.39 for the logarithm of the measured pressure minus the model. The numerical fit would be much better if it were made piecewise over shorter time intervals. In contradistinction to the previous case, the kinetic plasma pressure depends strongly on the magnetic field via a negative . The anisotropy indices in this case are a ÿ0:20, and a 0:14, to be compared with CGL theory predictions C a 2 and C a ÿ3. A survey of several other cases indicates that the plasma pressure depends rather strongly on the magnetic field with in the range between ÿ2 and 0, and 0:5 < < 2. While there are cases where protons behave nearly as an ideal gas ( 5=3, 0), as, for example, in Fig. 2 , no cases were found so far that support both equations of the CGL model (1) and (2) . The most striking and unexpected result of the present analysis pertains to negative values for the index, which may go down to ÿ2, while the CGL theory predicts C 1. To understand implications of this result we write the expression for the ion perpendicular temperature (average kinetic energy) implied by (3) as
A negative value for implies that magnetic field depressions (enhancements) are associated with hotter (cooler) ions, which is expected if the energy for plasma heating comes from the magnetic field. An example of such a process is magnetic reconnection. Thus, simulations of reconnection processes should be performed with a polybaric pressure model with negative , and not with isotropic and adiabatic pressure as it has been done in most simulations so far. The CGL model based on the conservation of the magnetic moment predicts a decrease of the perpendicular energy with decreasing B, i.e., opposite to what is observed.
Interesting physical implications are related also to index . The value 1 no longer implies an isothermal process, but separates two types of plasma heating processes. Values > 1 imply a normal behavior where density compressions are associated with plasma heating, while < 1 means that plasma heating is associated with density rarefactions. The former processes occur at the bow shock, while the later are known to occur in auroral regions at altitudes of 1R E , where electron and ion acceleration is associated with deep plasma cavities with thickness on the order of electron inertial scale [13] , and ion inertial scale [14] . Thus, various values for and indices reflect various types of heating mechanisms and can be used to model macroscopically these interactions without a detailed knowledge of the microscopic processes involved. Double-adiabatic and polytropic equations are only special cases of the general polybaric model. The model parameters are expected to vary with conditions in the solar wind, be different in various regions of the magnetosphere, and depend on particle species. A statistical study on this topic will be published elsewhere.
The electron temperatures in the magnetosheath, in magnetospheric boundary layers, and in the magnetotail are typically 5 to 10 times smaller than the ion temperatures. This implies that the total plasma pressure is dominated by ions, and the electron contribution may (in most cases) be neglected. However, the pressure equations for electrons must also reflect the electron energization processes and a similar analysis should be done for electrons, as well. Instrumental difficulties with photoelectrons attracted by the spacecraft and contaminating electron measurements at low energies would require a more comprehensive analysis, which is beyond the frame of this Letter.
In summary, the above analysis of Cluster observations leads to the conclusion that, at magnetospheric boundaries, the CGL pressure model and the isotropic pressure model are generally not applicable. Instead, the polybaric pres- sure equations (3) and (4) provide good and flexible approximation to real measurements, and reflect various types of energy exchange between particles and fields. Analysis of a few cases indicates that the polybaric expression can hold for pressure variations over 4 orders of magnitude, and in a wide range of plasma beta (10 ÿ4 < < 10). Inapplicability of adiabatic pressure models implies simply that the processes of plasma heating and energization are not adiabatic and occur with violation of the magnetic moment of particles. Both isotropic adiabatic and double-adiabatic equations of state have been used in fluid theories and computer simulations without verification whether underlying assumptions have been obeyed in the processes under study. These assumptions are generally not valid in active or turbulent regions in space, which are usually subjects of such studies. Nonadiabatic processes appear to be related to turbulence seen in time series of Figs. 1 and 3. This is not weak turbulence with many linear waves at random phases, but it consists rather of a large number of coherent nonlinear structures similar to those discussed in Ref. [10] . These structures create localized electric fields on ion and electron inertial scales, which can accelerate particles, and violate adiabatic invariants. The impact of intermittent nonlinear structures on particle distributions and on fluid plasma properties is not well understood, but these processes are important for MHD simulations and theories of particle acceleration in astrophysical, solar, interplanetary, and magnetospheric plasmas.
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